and a fourfold increase in total peripheral resistance was observed. Blood flow to the coronary, cerebral, and bronchial circulations remained unchanged while a 95G/a reduction in the intestine and the spleen, a 97oj, reduction in the kidney, and greater than 99y0 reduction in the tail and skin were observed during diving. The blood flow reduction from predive values ranged from SW,& for liver and skeletal muscle to 75 7c for the adrenals and 65c/, for the diaphragm. The redistribution of the drastically reduced cardiac output during head immersion in the rat is similar to that reported for diving mammals. It is suggested that the rat may serve as a useful cardiovascular model for further studies of the diving response in mammals.
regional blood flow; redistribution of regional blood flow; apnea THERE IS LITTLE DOUBT that intensive peripheral vasoconstriction occurs during apnea in nonnaturally diving species (3, 18, 23) , similar to that occurring in diving mammals. More importantly, selective vasoconstriction during apnea results in redistribution of blood flow in favor of the heart and the brain. The significance of this profound redistribution of drastically reduced cardiac output (due to bradycardia) has been discussed extensively, ascribing to it a role of oxygen conservation during diving in the diving species (1, 2, 8, 30, 35) . s ever-al isolated examples of apneic redistribution of blood flow have been reported previously (8, 11, 16) ; however, the objective of the present study is to define quantitatively the redistribution of the drastically reduced cardiac output to various organs in the unanesthetized rat during apnea as induced by head immersion.
METHOD
Preparation of animals. A group of six male Wistar white rats weighing 394 & 9 g were surgically prepared under pentobarbital (30 mg/kg) anesthesia, as follows. The aortic catheter was introduced via the left carotid arterv for the purpose of recording systemic arterial blood pressure and collecting arterial blood samples for cardiac output determination.
The right atria1 catheter was introduced via the right jugular vein for indicator injection. These catheters were threaded subcutaneously, having their exits at the back of the head between the two ears, and were sutured onto the skin. The animals were allowed to recover for a minimum of 3 days prior to experimentation. Another group of six rats weighing 390 Z!Z 5 g were prepared exactly as above for studying the distribution of cardiac ouput. Although the procedure for the cardiac output distribution (see below) does not require the arterial catheter, the animals were prepared in the manner described above so that the blood flow could be estimated from the data obtained in these two groups of rats. Experimental procedure. The diving response of the unanesthetized rat was produced by submerging the head up to the eye level in 30°C water for 60 s by head-down tilting. The surgically prepared rat was confined in a mesh-wire cone for the diving maneuver.
The head-down tilting without head immersion served as the predive control. Systemic arterial blood pressure was recorded with a Statham P23Db pressure transducer and a Beckman Dynograph via the implanted aortic catheter. The mean arterial pressure was determined planimetrically over the entire 60-s dive period.
Heart rate was also counted from the pressure trace for the entire dive period.
Cardiac output was calculated from the dilution curves with cesium-137 as an indicator. The indicator (10 &i/kg) in a volume of less than 0.5 ml was injected rapidly into the right atrium via the implanted right atria1 catheter and serial arterial blood samples were collected via the implanted aortic catheter onto a motorized collecting disk (Fig. 1) The standard deviation of the product of two independently determined quantities, cXy, was calculated as follows (6) :
RESULTS
The diving response of the unanesthetized rat was an immediate and sustained bradycardia and hypertension ( Fig. 2) . The hemodynamic profile before and during diving is presented in Table 1 . Central systemic blood pressure rose by 22 % (P < 0.05) and the heart rate was reduced by 73 % (P < 0.001) from the predive values during head immersion.
Cardiac output decreased by 74% (P < 0.01) from 95 ml/min to 25 ml/min during head immersion (Table  1 ) An insignificant change in stroke volume was noted. Figure  3 shows a typical radioisotope-dilution curve before and during diving with an identical amount of isotope injected. The mean transit time, from right atrium to aorta, increased from 9.2 s to 23.6 s during diving. A striking increase in the calculated total peripheral resistance was observed (Table 1) . Fractional distribution of 137Cs and regional blood flow are summarized in Tables 2 and 3 , respectively. During diving, the blood flow to the coronary, bronchial, and cerebral circulations were essentially maintained at prediving levels (Table 3 ). This was achieved by obtaining a greater share of the reduced cardiac output. The fractional cardiac output to each gram of the ventricle, lung, and brain was increased approximately threefold ( Table 2 ). The increased fractional distribution of the cardiac output in the heart, lung, and brain was at the expense of other tissues, namely the intestine, spleen, kidney, tail, and skin. The fractional cardiac output they received ranged from 16 % of the predive level for the intestine to 3 % of the predive level for the skin. The corresponding values for the spleen, kidney, and tail were 14, 10, and 4 %I of the predive values, respectively (Table 2) . (8), in the abdominal aorta, renal artery, and superior mesenteric artery of the dog (3, 8), in the skinned hindlimb of the dog (3), in the kidney of the rabbit (1 l), and in the tail of the rat (16). Our findings are in apparent agreement with these reports in that drastic reduction of blood flow occurred in areas other than the heart, brain, and bronchial tissue. Quantitatively, the blood flow was reduced by 99 % in the tail during head-immersion, which agrees with Gooden's (16) measurements with venous occlusion plethysmography in the tail of the rat. It is of interest to note that the fourfold increase in total peripheral resistance in the present observation is similar in magnitude to that reported by AngellJames and Daly (3) in the femoral vascular bed of the dog during stimulation of nasal mucosa with flowing liquid. Furthermore, the 50 % reduction in the gastrocnemius muscle blood flow that we observed during head immersion is also similar to that observed by Angel1 James and Daly (3) in the lower limb muscle (58 % reduction) during mucosal stimulation.
Greater than 95 % reduction in the blood flow was observed in the intestine and the spleen, 97 % reduction in the kidney, and greater than 99 % reduction in the tail and skin during diving (Table 3) .
The fractional distribution of the cardiac output to the liver, gastrocnemius muscle, diaphragm, and adrenals was either maintained or even increased during diving. However, in the face of 74 % reduction in the cardiac output during diving, the blood flow to these tissues was decreased. The reduction from the predive values ranged from 50 % for the liver (0.1 > P > 0.05) and the skeletal muscle (0.1 > P > 0.05) to 75% for the adrenals (P < 0.01). The corresponding reduction in the diaphragm was 65 % (P < 0.01) from the predive value (Table 3) .
Redistribution
of blood flow during apnea achieves the purpose of rationing the limited amount of oxygen in accordance with the priority demand by various tissues. Maintenance of blood flow at the predive (preapneic) level to the heart and the brain alone cannot supply these organs Intense peripheral vasoconstriction occurs during apnea with oxygen at the predive rate, since the arterial POT is in the rat just as it occurs in diving mammals and birds, as falling during the course of apnea. We have not determined A similar response may exist in the rat, but with a much quickened pace due to its high metabolic rate. Therefore, it is clear that these vital organs must either reduce their level of activity in the face of diminishing oxygen supply or obtain their energy anaerobically, or must do both. For the heart, the present measurement indicated a reduction of 68 % in the cardiac power output during head immersion, which can be accounted for by the magnitude of apneic bradycardia (71 % reduction from the predive value, Table 1 ) -Consequently, the demand for oxygen reduced accordingly.
The reduction in the cardiac power output, however, is not secondary to hypoxia, since the bradycardia is attained within 3 s after head immersion and maintained throughout the period of head immersion (Fig. 2) . The bradycardia response can be abolished by treatment with a parasympatholytic agent, atropine, indicating a vagal-mediated reflex in response to cessation of respiration (23). Our recordings showed that the maximum peripheral vasoconstriction is at the onset of apnea prior to the bradycardia and maintained throughout the period of reversible asphyxia (Fig. 2) resistance, the maintained Under such a constant vascular .ortic blood pressure indicates a nonchanging cardiac output during apnea. There is no sign of cardiac failure during the 60-s period of head immersion, suggesting that the energy supplied aerobically and anaerobically sufficed for the level of cardiac activity. It is well recognized that full expression of vasoconstriction is much slower in comparison to vagal-mediated responses. But there is no hypotension on apnea in the face of profound bradycardia and unchanged stroke volume, indicating vasoconstriction prior to bradycardia and maintained throughout the entire apneic period. It may be that sympathetic activity had been elevated at the onset of head immersion, ahead of the elevation of vagal activity.
For the brain, the well-known hypoxia-intolerant tissue, it is not known whether a similar reduction in activity occurs during apnea. However, it is certain that the cerebral function, as far as the integration of cardiovascular responses to apnea are concerned, is adequate since the full expression of appropriate diving response requires the participation of brain center(s) as reasoned from the attenuation or abolishment of the response by general anesthesia (8, 9, 31, 32 Fig. 3) and b) the relative stability of the cardiovascular system during the entire diving period, except for the first few seconds (Fig. 1) We now know that radioisotope-tagged insoluble microspheres (20-50 pm) are optimal, since the extraction ratio of 1.0 will unquestionably be attainable, and measurement is not subjected to time limitation after injection, since entrapment in the capillaries will eliminate the problem of washout (12, 27). However, it has been proven that complete extraction (extraction ratio = 1.0) can also be achieved in the rat from 5 to 60 s after injection with 41K (28) and within a similar period with 86Rb (14, 29). The process is apparently unaffected by deep hibernation and arousal in ground squirrels (5) and deep hypothermia CT = 9-10°C) in the rat (34), conditions in which cardiac acL&ity is greatly reduced or unstable.
It should be noted that the rate of uptake of 137Cs is not uniform in all tissues. It is particularly slow crossing the blood-brain barrier and consequently the blood flow to the brain is underestimated.
A similar conclusion is reached with rubidium or potassium used as an indicator (14, 28, 29) . This condition may render the comparison of blood flow among various tissues on a less than solid ground, but it should have no efiect on the conclusion reached by comparing the same tissue under various experimental conditions.
Comparatively, the bradycardial response of the rat induced by head immersion is strikingly similar, both qualitatively and quantitatively, to the diving response of the marine mammals and diving birds, and both responses are reflex in nature. On the other hand, the slow and continually developing bradycardia observed in man and anesthetized dog during apnea is possibly attributable to a response to hypertension, to hypoxia and hypercapnia, and to mechanical events altering the intrathoracic pressure (24, 26) . From this point of view, the rat may serve as a useful model in further exploration of cardiovascular physiology during diving. 
